Introduction
Within marsupials, the Family Didelphidae is presently considered as ancestral, with numerous primitive characters being retained (MacKenna, 1969) . Reproduction in didelphid marsupials has been reviewed by Tyndale-Biscoe & Renfree (1987) , but of the 70 living didelphid species which are the predominant American marsupials, the reproductive function of only few has been well investi¬ gated: Didelphis virginiana (Hartman, 1928;  Reynolds, 1952; Feldman & Ross, 1975; , Monodelphis domestica (Fadem et ai, 1982; Fadem, 1985 Fadem, , 1987 Baggott et al, 1987) and Marmosa robinsoni (Godfrey, 1975) . For the other didelphids, and more especially for the South American ones, only scattered information about birth seasons, oestrous cycles or general eco-ethology is available (Davis, 1945; Biggers, 1966; Fleming, 1973; Tyndale-Biscoe & MacKenzie, 1976; Bücher & Fritz, 1977; Hunsaker, 1977; O'Connell, 1979; Charles-Dominique, 1983) .
The woolly opossum, Caluromys philander, is an arboreal didelphid widely distributed in the northern and eastern regions of South America and this species may be an exception among the didelphids because it has a higher encephalization quotient, longevity and metabolic rate (Eisenberg & Wilson, 1981) . This nocturnal species, weighing about 300 g, lives in the upper strata of tropical forests and has an opportunistic frugivorous diet supplemented with insects (Atramentowicz, 1988) . The woolly opossum was studied in French Guyana by systematic markrecapture methods and, from data on population densities and reproductive rate, it has been described as a polyoestrous species which may have two litters a year, with a mean litter size of about 4 (Atramentowicz, 1986) . However, although the first litter born in October/November was raised to weaning, the young of the second litter born in April/May mostly died in the pouch. One of the environmental cues that determines such 'pouch abortions' might be the period of relative food scarcity extending from May to August in French Guyana (Atramentowicz, 1982) .
No information is presently available on the reproductive hormones in this species, and so variations in sexual hormones have been investigated in a captive population of woolly opossums exposed to constant environmental conditions.
Materials and Methods

Animals
Nine woolly opossums, Caluromys philander, were used in this study: they had been caught 3 years earlier at Cabassou (French Guyana, 53°W, 5°N) or born in captivity at the Laboratory of Ecology (Brunoy, France). The 5 males and 4 females were adult according to dental characteristics (Atramentowicz, 1986) Progesterone. Concentrations were measured in 60-80 µ samples of plasma using the radioimmunoassay procedure described by Perret (1986) . Before double extraction by 5 ml diethyl ether, each sample was diluted to 1 ml with saline-phosphate buffer and tracer amounts of tritiated progesterone were added. After extraction, radioimmunoassay was performed on two extracted aliquants corresponding to 6 and 12 pi plasma. Recovery of progesterone after extraction was 86-7% (s.d. 9-6%). The antiserum was raised in a rabbit from A4-pregnen-3,20-dione-11-succinate coupled to bovine serum albumin (purchased from Pasteur Institut, Paris, France). The cross-reactivities were: progesterone, 100%; deoxycorticosterone, 3%; 6ß-hydroxyprogesterone, 1-8%; 5a-pregnan-3,20-dione, 1-6%; other C21 steroids, < 1% and C19 steroids, <0-03%. The intra-assay coefficient of variation based on all samples tested in duplicate was 9-2% (s.d.
= 5-6) and the interassay coefficient was 9-9% (s.d. = 4-7) based on 15 samples with a progesterone concentration of 8-20 ng/ml. A pool of plasma adjusted to 5 ng/ml measured 5-8 ± 0-3 ng/ml (n = 10) after correction for the blank and for recovery. As for the testosterone assay, blank plasma values and parallelism between the standard curve and serial dilution of plasma samples were verified. The blank plasma averaged 0-90 ± 0-09 ng/ml (n = 8) and the sensitivity of the assay was 6 pg/tube. Buffer blanks were always below the sensitivity of the assay. No Chromatographie separation was made but the antiserum used has a very low cross-reactivity with a wide range of steroids and progesterone has been reported to be the major plasma ovarian steroid in numerous marsupials (Tyndale-Biscoe & Renfree, 1987) .
Radioactive steroids (testosterone: sp.act. 94 Ci/mmol; progesterone: sp.act. 85 Ci/mmol) were purchased from Amersham International pic (Bucks, UK) and non-radioactive steroids from Sigma (St Louis, MO, USA).
Field data
Field observations were conducted during 1 year in a secondary forest of French Guyana, using mark-recapture methods previously described and breeding seasons were determined through trapping data (Atramentowicz, 1982) . It is not possible to detect gestation in woolly opossums since no morphological changes occur in the pregnant female because of the reduced size of marsupial newborn (length 10 mm, body weight, 0-2 g) which is 1/1500th of the adult weight. However, multiple captures of the same individual allowed us to determine accurately the age of a litter and consequently birth time, using the snout-rump length measurements of young in the pouch (Atramentowicz, 1982) . Assuming a gestation length of at least 3 weeks (see below) we estimated the occurrence of oestrous periods through 1 year from pouch young of 141 wild lactating females. Estimation of seasonal changes in fruit production was based on changes in the number of fruiting trees, recorded weekly through a 1200 m transect at Cabassou (Atramentowicz, 1982 Testosterone changes in isolated males followed a pattern similar to those observed in paired males (P < 001) but at a lower level (testosterone annual means: 3-9 + 0-1 and 6-3 + 0-8 ng/ml for isolated and paired males respectively, < 0-01). When the changes in the monthly mean testosterone concentrations are expressed as a percentage of the individual annual mean, changes were characterized by two peaks located in April (P < 0001) and in September (P < 001: Fig. 3) . A 3-month period with low testosterone concentrations (May-July) separated these two maxima.
A significant (P < 005) but brief testosterone increase was found in paired males in response to an oestrous period of the paired females (mean testosterone value: 9-3 + 0-7 ng/ml, = 18 oestrous periods). The rise in testosterone concentrations in April could be linked to the resump¬ tion of oestrus in females (3/4), but not in September since few females experienced oestrus at this time. The broken line represents the annual mean (5-3 ± 0-7 ng/ml). Testosterone changes were not correlated with the sexual activity of captive females, indicated by the number of females in oestrus. **P < 001; ***P < 0001.
Discussion
The regulation of reproductive activity by environmental factors and the changes in sexual hormones remain unknown for most marsupials of South America. Seasonal variations in food resources have been considered as the main factor that regulates reproductive patterns of woolly opossums in French Guyana (Atramentowicz, 1982) . However, male and female woolly opossums exhibited variations in their sexual activity under constant conditions. Within males, although there were no apparent variations in testicular size, as in several didelphids (Biggers, 1966; Fleming, 1973) , plasma testosterone concentrations varied throughout the year from 1 to 20 ng/ml in captive males. These values compared well with testosterone measurements reported for Australian species (Lincoln, 1978; Tyndale-Biscoe & Renfree, 1987) .
With respect to captive females, they cycled 5-7 times a year as in captive Virginia opossums (Didelphis virginiana) (Jurgelski & Porter, 1974) . The length of the woolly opossum oestrous cycle, on average 38 days, was one of the longest measured for didelphids since duration of the oestrous cycle in this marsupial family ranges from 15 to 40 days according to species (Hartman, 1923; Godfrey, 1975; Bucher & Fritz, 1977; Fadem & Rayve, 1985) .
Except for the Virginia opossum concentrations of plasma pro¬ gesterone during the oestrous cycle have not been studied in American marsupials. In woolly Fig. 4 . Relationships between (a) seasonal variations in rainfall and fruit production, (b) body weight of wild woolly opossums (mean ± s.e.m. for 15-26 animals per month) and (c) the percentage of the population of lactating females and of females entering oestrus within 1 month (10-14 females per month). Data for rainfall and fruiting trees were recorded at opossums, progesterone concentrations increased rapidly from the end of the oestrous period, peaking by Day 10 of the cycle. The decline was equally rapid, beginning on Day 25 and reaching a basal level of 1-5 ng/ml. Consequently, the luteal phase would last about 20 days, i.e. no more than 60% of the cycle length, as in most marsupials (Tyndale-Biscoe & Renfree, 1987) . The relatively high progesterone values during the luteal phase (~3 0-40 ng/ml) would indicate the presence of a large luteal mass as suggested by for the Virginia opossum. Indeed, in didelphids and also several dasyurids, the number of eggs shed at one ovulation was very high from 20 to 40 (Tyndale-Biscoe & Renfree, 1987) . Nevertheless, this high progesterone concentration might be also attributable to high affinity binding for gonadal hormones by plasma proteins (Sernia etal, 1979) .
Spontaneous rhythms of captive males and females appeared to be asynchronous which would perhaps explain the poor reproductive success in captivity. Indeed, testosterone concentrations in males were highest in April and September whereas females experienced synchronous periods of 2-3 successive oestrous cycles which began in April and December. However, despite this asynchrony, a stimulating influence of females upon testosterone concentrations existed in the woolly opossum: males kept with females showed higher testosterone concentrations than did isolated males and their hormonal concentrations increased again in response to oestrous females. Such testosterone rises in response to female stimuli are well established for marsupial males (Lincoln, 1978; Catling & Sutherland, 1980; Curlewis & Stone, 1985; Fletcher, 1985; Bryant, 1986) . Conversely, a stimulating effect of males upon females has been described for the grey shorttailed opossum (Monodelphis domestica) using short-test pairing (Fadem, 1987; Baggott et al, 1987) . Such an effect does exist in the woolly opossum (unpublished) but was not apparent in this study because the pairs were unchanged. Lastly, synchrony between females could be attributed to social stimuli especially for animals born in captivity as reported for Antechinus stuartii (Scott, 1986) .
Under natural conditions, the body weight and the reproductive activity of woolly opossums undergo seasonal changes which have been correlated to the seasonal decrease in food resources of the natural environment (Fig. 4) . Both sexes significantly lost weight in July, a period during which fruit production was decreasing. Associated with the body weight changes, the percentage of lactating females within each month varied significantly (P < 0001: Fig. 4 ) with a maximum recorded when food availability was high. However, more than 50% of estimated oestrous periods occurred during the dry season, before fruit production had increased (Fig. 4) For wild males, they are generally considered as sexually potent throughout the year but assays of blood samples from 28 wild mature males showed that plasma testosterone concentrations of males sampled in July (beginning of the dry season: 2-9 ± 0-2 ng/ml, = 7) significantly (P < 0-01) differed from values obtained in August (49 ± 0-3 ng/ml, = 12) and October (end of the dry season: 5-8 ± 0-7 ng/ml, = 9). Thus, testosterone concentrations decreased when environmental resources were limited in the field and increased precisely when most of the wild females entered oestrus.
In a constant environment, captive animals exhibited sexual cycles although their body weight remained high and constant, and these spontaneous rhythms followed a pattern similar to that of wild animals without any changes in males and with a delay of several months in females. Indeed, if the onset of sexual activity of captive females is considered as being delayed by 3 months, a signifi¬ cant (P < 005) correlation appeared between the distribution of oestrous periods in wild and captive females. That desynchronized period may represent the time accumulated by females freerunning in captivity over 3 years. Changes in testosterone concentrations of captive males were surprisingly correlated (P < 005) to the distribution of oestrous periods for wild females except in January-April, a period during which wild females were lactating while captive females experienced oestrus.
In numerous seasonal species including some marsupials circannual cycles of body weight, internal temperature or reproduction can persist in the absence of variations of the external environment (Canguilhem, 1985; Dickman, 1985; Tyndale-Biscoe & Renfree, 1987) . These endogenous cycles are synchronized in the wild by an environmental cue of which the best studied is daylength. Photoperiodic changes determine the breeding season in numerous Australian species (Godfrey, 1969; Sadleir & Tyndale-Biscoe, 1977; Smith et al, 1978; Woolley & Watson, 1984; Gemmell et al, 1985 Gemmell et al, , 1986 Gemmell, 1987) , and probably in the Virginia opossum, the restricted breeding season of which depends upon the latitude in North America (Reynolds, 1952; Fleming, 1973; Hunsaker, 1977) . However, this cannot be the case for the woolly opossum which lives at a latitude where daylength varied by less than 30 min a year.
In fact, the breeding season of a species may be considered to be the result of ecological constraints (food availability) and 'maternal investment', i.e. time and energy required for a female to rear young until weaning (Russell, 1982) . In small marsupial species with a short gestation period and a rapid emergence of the young at the end of lactation, reproduction is very responsive to the occurrence of favourable conditions: temperature, quality and abundance of food (Newsome, 1965 (Newsome, , 1973 Heinsohn, 1966; Gordon, 1971; Stoddart & Braithwaite, 1979 ; Barnes & Gemmell, 1984 (Atramentowicz, 1986) and thus start to breed at the time when the dry season occurs and when environmental resources are still limited (Atramentowicz, 1982) . As suggested by Fleming (1973) and O'Connell (1979) the cessation of high rainfall would be the determining signal for the breeding season to take place. However, in the woolly opossum, since the reduction in fruit production was correlated to decreased reproductive activity in both sexes, the presence of a sexual resting period could be a factor required for the next breeding season to begin.
We thank Pr J. Roffi for permission to use the technical facilities of the laboratory of Endocrinology (University Paris IX, France) and P. Belbenoit for blood samples of wild animals.
